Proteins destined for secretion move from the endoplasmic reticulum (ER, the site of synthesis) to Golgi cisternae then to the cell surface in transport vesicles. Although the mechanism of anterograde and retrograde transport via vesicles is well understood the temporal coordination of transport between organelles has not been studied. Here we show that the extracellular levels of collagen-I (the most abundant secreted protein in vertebrates) are rhythmic over a 24-hour cycle in tendon, the tissue richest in collagen-I. Rhythmicity is the result of circadian clock control of the secretory pathway via ER-ribosome docking, Tango1-dependent ER export, phosphodiesterase-dependent Golgi-ER retrograde transport of Hsp47 (a collagen molecular chaperone), and Vps33b-dependent post Golgi export. These mechanisms pause collagen-I transport at each node of the pathway over a 24-hour cycle. Thus, the circadian clock is a master logistic operator of the secretory pathway in mammalian cells.
of changing environmental demands on cells, is implied but none has been found. Collagen excess is a hallmark of fibroproliferative diseases and numerous malignancies (6) but how disruption of collagen homeostasis occurs leading to fibrosis is also unknown.
We have recently identified that Mia3 (which encodes Tango1) has a circadian rhythm in fibroblasts of tendon, a collagen I-rich tissue (7) . Tango1 corrals CopII coats to accommodate procollagen-I (PC-I) (8) , which has a linear length of ~300 nm and is therefore considered too large to fit into conventional nm CopII transport vesicles (9) . We report that secretory-pathway-specific proteins Sec61a2, Tango1, Pde4d and Vps33b, which are essential for translation and subsequent anterograde and retrograde transport and secretion of PC-I at each node in the secretory pathway, are circadian-regulated. The consequence is a daily wave of newly synthesized collagen-I protein that maintains tissue homeostasis.
Mice with genetically-disrupted circadian clocks have arrhythmic expression of these proteins, as well as thickened connective tissue that is mechanically-comprised and structurally altered, thereby linking the rhythmic secretory pathway to tissue homeostasis.
Results

Circadian clock mutant mice have abnormal extracellular matrix
Tendon collagen-I fibrils are arranged in parallel register and occur as a trimodal distribution of diameters (D1 (<75 nm), D2 (75-150 nm) and D3 (>150 nm) fibrils) (Fig. 1A) , which are amenable to quantitative ultrastructural study. Electron microscopy examination of the collagen fibrils in the tendons of 6-week old Clock 19 mice (which have disrupted circadian rhythms (10) and lack a circadian rhythm in tendon (7)) showed a drastically different collagen fibril appearance (Fig. 1B) . To selectively disrupt circadian rhythm in tendon-lineage cells a new line of Scx-Cre::Bmal1 lox/lox knockout mice was generated and similar to Clock 19 mice, we identified abnormal collagen fibril profiles (Fig. 1B) , diameter distribution ( Fig. 1C ) and profile circularity (measured as previously described (11)) (Fig. 1D) . We confirmed circadian arrhythmia in Scx-Cre::Bmal1 lox/lox tendons by real-time bioluminescence imaging and recording of Per2::Luc reporter, where addition of dexamethasone was able to induce a sustainable rhythm in WT tendons but not in knockout tendons (Fig. S1A , B and Supplementary Movie 1 and 2); these results are similar to ClockΔ19 tendons (7) , and global knockout of Bmal1 tendons (12) . Scx-Cre::Bmal1 lox/lox tendons exhibited ectopic calcification at 18-weeks old which was not evident in littermate controls (data not shown). Tendons in clock-disrupted mice were significantly thicker and had reduced elastic modulus and maximum load compared to wild type littermates (Fig. S1C, D ). There were no differences in fibril volume fraction between arrhythmic and wild type tendons (Fig. S1E) ; hence, the increased tendon width in the mutant mice was due to an increased volume of collagen. Therefore, a disrupted circadian clock results in disrupted matrix homeostasis.
Matrix organization varies during the day in wild type mice
Analysis of collagen fibril diameters of wild-type C57/BL6 mouse tendons showed rhythmic changes over the course of a day (Fig. 1E, F) . Analysis of ZT3 (zeitgeber time, 3 h after lights on) and ZT15 (3 h after lights off) samples showed more circular outlines at ZT15 than at ZT3 (Fig. 1G) . We found no difference in the elastic modulus of tendons at ZT3 compared to tendons at ZT15 (Fig. S1F) . However, tendons isolated at ZT15 exhibited greater energy loss than tendons isolated at ZT3 (Fig. S1G, H) , indicative of viscoelastic changes in the tendon during a daily cycle. These results indicated a dynamic behavior of collagen fibril organization and tissue mechanical properties that vary according to the day-night cycle.
Proteomics highlights rhythmic collagen-I synthesis
Transcriptomic profiling of tendon over 48 hours identified that collagen mRNAs were consistently arrhythmic ( Fig. 1H) , suggesting that the rhythmicity of extracellular collagen-I arose post-transcriptionally.
Proteomic analysis of mouse tendon tissues was therefore performed ( Fig. 2A) . Liquid chromatographytandem mass spectrometry (LC-MS/MS) detected ~10,000 peptides, enabling us to identify 1,474 proteins with ≥ 2 peptides per protein (Supplemental Data), with good reproducibility between biological replicates (Fig. S2) . We found that approximately 10% of detected proteins (141) were robustly rhythmic (with periods of 20-27.5 hours) ( Fig. 2B ) with prominent changes occurring at the night-day and day-night transitions ( Fig. 2B, C) . The a1(I) and a2(I) chains of collagen-I were conspicuously rhythmic and levels peaked during early morning, equivalent to 1.6-fold difference in extractable collagen between day and night sampling (Fig. 2D) . It was possible to identify peptides specific for the C-propeptide region of the proa1(I) chain of PC-I. This peptide peaked ~4 hours prior to the a1(I) and a2(I) peptides, consistent with the slow cleavage of PC-I to collagen-I (10, 11) (Fig. 2E) .
To investigate the rate of collagen-I production between the diurnal phases, tendon tissues dissected 12 hours apart were labeled with 14 C-proline ex vivo. Both Achilles and tail tendon tissues ( Fig. 2F and G) had significantly higher PC-I production at night, corroborating the LC-MS/MS data. 14 C-labeling of newlysynthesized proteins every 4 hours during 24 hours confirmed that procollagen production was ramped up throughout the night ( Fig. 2H and Fig. S3A , B).
Rhythmicity in ribosome binding to ER and PC-I translation in vivo
Intrigued by the possibility that the circadian clock regulates PC-I export, we mined published databases and discovered that ribosome profiling in liver revealed circadian clock regulation of ribosome binding of the Col1a1 transcripts (13) . The mRNAs of Col1a1 and Col1a2 (which encode a1 and a2, respectively) have a 5' UTR consisting of 2 stems flanked by a bulge (termed the collagen 5' stem-loop) that binds Larp6 (La ribonucleoprotein domain family member 6) and are specifically targeted to Sec61 translocons (14) . The protein-conduction pore of the translocon is formed from Sec61a which associates with a and a subunit to form a heterotrimeric complex Sec61 in eukaryotes (15-17) (18) . There are two Sec61 genes (Sec61a1 and Sec61a2), which encode Sec61 ; LC-MS/MS of mouse tendon only identified peptides unique to Sec61a2. Transcriptional arrays over 48 hours and analysis of proteins over 24 hours had shown that Sec61a2 was rhythmic in tendon (Fig. 3A) . Western blotting showed that Sec61a2 protein was also rhythmic during 24 hours (Fig. 3B) . Furthermore, electron microscopy of mouse tendon fibroblasts in vivo showed that the packing of ribosomes along the ER was time-of-day dependent with maxima at ZT15 (Fig.   3C, D) . Therefore, expression of Sec61a2 and loading of ribosomes onto the ER in fibroblasts in vivo is under clock control. To determine the importance of Sec61a2 in PC-I synthesis we used CRISPR-Cas9 to knockout Sec61a in MEFs (Fig. S3C, D) . Consequently, knockout of Sec61a reduced secretion of PC-I leading to fewer collagen fibres produced by Sec61a knockout MEFs (Fig. 3E) . However, although collagen-I was translated it was not associated with the ER (Fig. 3F ).
Rhythmicity in Tango1-mediated collagen export and Hsp47 retrograde traffic
PC-I has a linear length of ~300 nm and is therefore considered too large to fit into conventional 60-90 nm COPII transport vesicles (9) , Tango1 (encoded by the Mia3 gene) corrals COPII coats to accommodate procollagen-I (PC-I) (6) . In order to accommodate the increased synthesis of the bulky collagen cargo, we
showed that both the transcript and protein for Mia3/Tango1 are also remarkably rhythmic in wild-type mice ( Fig. 3G, H) . There is approximately a 12-hour mismatch between the peak of transcript and protein, which might be explained by the fact that Tango1 is a 220 kDa membrane-spanning protein (19) in which translational delay (20) or ribosome stalling (21) might be needed to increase folding efficiency and fidelity of this multidomain protein. siRNA-mediated knockdown of Mia3/Tango1 (Fig. S3E, F ) in synchronized MEFs resulted in co-localization of protein disulfide isomerase (PDI, an ER marker) and PC-I with decreased levels of extracellular fibrillar collagen (Fig. 3I ).
Tango1 binds Hsp47 (22) to direct PC-I into large-diameter ER exits (19) . Hsp47 is an ER-resident molecular chaperone required for the formation of a stable triple helix and is essential for normal development in mice (23) . Unlike other molecular chaperones, Hsp47 specifically recognizes the folded conformation (the triple helix) of its client (24, 25) . Hsp47 contains an ER retrieval sequence, which on arrival at the cis-Golgi, presumably leads to activation of the Kdel receptor (Kdelr). Activation of the Kdelr in other systems has been shown to trigger a cascade involving phosphodiesterase (Pde) inhibition of protein kinase A (Pka) and phosphorylation of transport machinery to maintain homeostasis of signaling and transcriptional networks (26) . Pde7a1 via Pka is known to regulate retrograde transport of the Kdelr (26) . However, Pde7a1 did not appear to be rhythmic at the transcript or protein levels in tendon. We noticed that Pde4d was rhythmically expressed at the transcript and protein levels (Fig. 3J , K) in mouse tendon; therefore, we suspected that Pde4d might be required for retrograde transport of Hsp47. We colocalized Gm130 (an ERGIC and cis-Golgi marker) and Hsp47 in synchronized MEFs. We observed maximal co-localization at 19 hours post synchronization (Fig. 3L ), which coincided with the peak of Pde4d expression in synchronized MEFs (not shown). We used siRNA to knockdown Pde4d expression or Cdp840 to inhibit Pde4 activity (Fig. S3G, H ). Both treatments caused intracellular retention of PC-I (Fig. S3I ).
Diminished Pde4d expression caused accumulation of Hsp47 in the cis-Golgi (Fig. 3M ) and inhibited PC-I secretion in Cdp840-treated MEFs (Fig. S3I, J) . There was also an increased association of Hsp47 and collagen I in Cdp840-treated MEFs (Fig. 3N ). Hsp47 is a collagen-specific molecular chaperone;
consequently, fibronectin is not colocalized with Hsp47, and inhibition of Pde4d by Cdp840 had no effect on the formation of fibronectin fibres (Fig. S3K ).
Vps33b post Golgi transport is rhythmic and essential for PC-I secretion
The requirements for PC-I posttranslational modification in post-Golgi compartments are less understood but recent studies suggest a role for Vipar in the regulation of lysyl hydroxylation by Plod3 (procollagenlysine,2-oxoglutarate 5-dioxygenase 3) in collagen IV (27) . The transcript for Vps33b, a binding partner of Vipar, as well as the Vps33b protein, are rhythmic in tendon, peaking at the end of the circadian cycle ( Fig.   4A , B). CRISPR-Cas9 mediated knockout of Vps33b (Fig. S3L , M, N) greatly diminished the assembly of collagen fibres in later time points when Vps33b reaches maximal expression (Fig. 4C) . Strikingly, Vps33b
KO clones were unable to produce long collagen fibrils (Fig. S4) . The intracellular collagen in Vps33b KO cells co-localizes with the ER marker, Pdi, suggesting it has been retained in the ER (Fig. S4) . Interestingly, in later time points, when levels diminish in the ER, there is an increased localization with the cis-Golgi (Fig.   4C ). Also, the distribution of collagen-I had a vesicular appearance (Fig. S4) , which might indicate that the previously retained PC-I was being turned over intracellularly. In a final experiment, we showed that the transcripts for Sec61a2, Mia3, Pde4d and Vps33b are disrupted in Clock 19 mice (Fig. 4D , E), consistent with an abnormal matrix in these mice.
Discussion
Our findings define a new role for the circadian clock in regulating the timing of membrane and protein traffic throughout the secretory pathway for connective tissue homeostasis. We found that levels of extractable collagen-I oscillate during 24 hours. The transcript levels of collagen-I polypeptide chains (and those of other fibril-forming collagens) were not rhythmic; therefore, the rhythmicity of extracellular collagen-I arises post-transcriptionally. We went on to show that the rhythmicity of extracellular collagen-I is generated in the secretory pathway via ribosome binding, Sec61a2-dependent PC-I translation, Tango1-dependent ER export, Pde4d-dependent retrograde traffic of Hsp47, and Vsp33b-dependent post-Golgi transport. As discussed by Cancino et al., (26) , a fundamental property of cells is to maintain homeostasis between ER and Golgi membranes. This ability must extend throughout the secretory pathway where specific machinery must exist at each node in the pathway to ensure integration of signaling pathways and feedback loops. Our data show that the circadian clock acts as a "conductor" to temporally coordinate protein and membrane transport across all nodes in the pathway.
Much of what we currently understand about connective tissue homeostasis comes from studies of collagen's slow turnover, where the half-life can exceed the life expectancy of the animal (28) (29) (30) (31) (32) . However, the fact that the fibrils persist a lifetime in heavy-loaded tissues such as tendon poses a conundrum: how do the fibrils resist failure fatigue despite daily variations in loading regimes, countless cycles of loading and unloading at levels that would destroy isolated cells, all in the face of no renewal?
The difficulty with the zero turnover model is that fibroblasts in tissues with a slow collagen turnover, such as tendon, show evidence of collagen synthesis (33, 34) in response to mechanical and hormonal stimuli (35) (36) (37) . Furthermore, microdialysis of human Achilles tendon show elevated levels of the Cpropeptides of PC-I after moderate exercise (38, 39) , which is direct evidence for the ability of tendon fibroblasts to synthesize collagen in vivo. These observations led to an alternative hypothesis in which a pool of collagen is produced and removed on a daily basis, and which has escaped detection in studies of collagen turnover. Support for this hypothesis comes from observations of a circadian rhythm in the serum concentration of type I procollagen N-and C-propeptides (40, 41) and the circadian rhythm of bone collagen degradation products (42) . However, evidence for this model has been restricted to physiological and clinical observations. Here, we show that levels of extractable collagen-I are diurnally rhythmic, 14 Cproline labeling shows PC-I synthesis predominately at night, and PC-I enters and exits the secretory pathway on a 24-hourly cycle. Sec61, Tango1, Pde4d and Vps33b are each essential for PC-I transport and the protein levels are rhythmic and sequential. Therefore, the transport of PC-I through the secretory pathway is stepwise and regulated at each node (see schematic in Fig. 4F ). It is possible that the levels of each of these proteins could fall to zero as a mechanism to pause the export of PC-I from any particular node in response to external influences or the need to achieve particular post-translational modifications of PC-I, including conversion to collagen-I. Conversely, rhythmicity could be removed and levels of these proteins could rise to facilitate rapid export of PC-I, to facilitate rapid matrix formation.
In this study we did not explore the mechanism of collagen fibril turnover. The homeostasis of collagen-I levels in the face of rhythmic secretion of collagen-I implies a corresponding mechanism of collagen removal, which could also exhibit rhythmicity. Biochemical pathways have been identified that combine extracellular matrix metalloproteinases (MMPs) and intracellular lysosomal proteinases, respectively (43) .
Peptides arising from cathepsin K were rhythmic in the LC-MS/MS proteomics analysis (Supplementary Data). Cathepsin K is a lysosomal proteinase found in osteoclasts and fibroblasts that can degrade collagen (44) . It is also possible that collagen turnover could involve mechanical damage to the molecule followed by degradation by non-specific proteinases.
The rhythmic changes in collagen-I levels in wild-type mice were in line with diurnal changes in the distribution of collagen fibril diameters and roughness of fibril surfaces. There has been poor agreement on the precise diameters of collagen fibrils, and on the occurrence of a unimodal, bimodal or trimodal distribution of diameters in tissues. We suggest that the discrepancies might have arisen, in part, because of time of day sampling. A further misunderstanding has been the circularity (roughness) of fibril cross sections. It has been generally assumed that fibrils are smooth cylinders. However, we showed that the fibrils have rough surfaces, and that the deviation from circularity is time of day dependent. The diurnal changes in fibril circularity and roughness, combined with the diurnal variation in collagen-I levels and synthesis, are indicative of a homeostatic chronomatrix that is sacrificial and replaced daily. The identification of the molecular mechanisms governing collagen homeostasis, highlighted in this paper, has large implications for our understanding of disease mechanisms in fibrosis and cancer, and in aging, which are all associated with matrix dysregulation.
Materials and Methods and Supplementary Information Ethics
The care and use of all mice in this study was carried out in accordance with the UK Home Office regulations, UK Animals (Scientific Procedures) Act of 1986 under the Home Office licence (#70/8858 or I045CA465). The permission included the generation of conditional knock out animals.
Mice
ClockΔ19 mice (C57BL/6 on a Per2::Luciferase reporter background) were as described previously (10 (47) to produce Scx-Cre:Bmal1 lox/lox mice. Six-week old wild type C57BL/6 mice housed in 12-h dark/12-h dark cycle (DD) were used for circadian time (CT) time-series microarray and protein extraction for western blotting as previously described (7). Wild type C57BL/6 mice housed in 12-h light/12-h dark cycle (LD) were used for zeitgeber time (ZT) studies of time-dependent qPCR analyses, mechanical testing, ultrastructural analyses and proteomics.
Luminometry
Tendon explants from 6-week old mice were cultured on 0.4 µm cell culture inserts (Millipore) in recording media (containing 0.1 mM Luciferin) in the presence of 100 nM dexamethasone and visualized using a selfcontained Olympus Luminoview LV200 microscope (Olympus) and recorded using a cooled Hamamatsu ImageEM C9100-13 EM-CCD camera. Images were taken every hour for 3 days, and combined in ImageJ to generate movies. The recording parameters were the same for control wild type and Scx-Cre:Bmal1 lox/lox Achilles tendons but the brightness for the Scx-Cre:Bmal1 KO recording was increased for the images and video to enable visualization. LumiCycle apparatus (Actimetrics) was used for real-time quantitative bioluminescence recording of tendon explants prepared as described above in the absence of dexamethasone for 3 days. Then 100 nM dexamethasone was added to re-initiate the circadian rhythms.
Baseline subtraction was carried out using a 24-hr moving average. Period after addition of dexamethasone was calculated using LumiCycle analysis software (Actimetrics) or using the RAP algorithm.
A minimum of three peaks were used to determine period. Amplitude was calculated as peak-trough difference in bioluminescence of the second peak using base-line subtracted data.
Mechanical testing
Mechanical properties of arrhythmic tendons were measured as described previously (48) . In brief, tail tendons were dissected from 6-week-old mice and mounted onto a (grade 100) sandpaper frame with a 1 cm length window using superglue. The sandpaper frame was clamped in an Instron 5943 fitted with a 100 N load cell (Instron Inc, UK). Only samples that failed in the mid portion of the tendon were included.
Tendons were tested to failure with a strain rate of 5 mm/min. The length and width of the samples tested were measured from a digital photograph using ImageJ software, which were used to derive corrected elastic modulus and calculate maximum load/cross sectional area. At least 10 tendons from each biological replicate were tested. The dissected mouse Achilles tendons sampled at different times of the day were subjected to a cyclic test regime on an Instron 5943 fitted with a BioPuls specimen bath. Each sample was clamped at the bone and over the myotendinous junction using superglue and a sandpaper sandwich in the pneumatic clamps. The sample bath was filled with PBS and maintained at 22 o C. The tendon was straightened with a tare load of 0.02 N and then subjected to successive strain cycles up to a 1 N load. A series of 30 cycles was used for each tendon sample and consisted of 6 sets of 5 cycles with a strain rate for each set of 1, 2, 3, 4, 5 and 1 mm/min, respectively. The tendon was finally loaded to 1 N at 1 mm/min after the last strain cycle and the stress-relaxation load curve was recorded over 15 min. Energy loss measurements were obtained from the stress-strain hysteresis loop of the final cycle in each set. The elastic modulus was calculated from the linear part of the stress-strain curve on the load increasing part of the strain cycle. The length of the test portion of the tendon and the lateral dimensions were measured from calibrated images. The stress-relaxation curve was fitted to a sum of three exponential decay curves of to yield 3 characteristic relaxation times (T1, T2, T3).
Electron microscopy and morphometric analyses
Tendons from 5-to 6-week old mice were prepared for transmission electron microscopy (TEM) and serial block face-scanning electron microscopy (SBF-SEM) were prepares as described previously (11) . Fibril diameter, perimeter and area were measured using ImageJ software to calculate circularity and fibril volume fraction as described previously (11) . Fibril diameter distributions were plotted and fitted to 3-Gaussian distribution using Sigma Plot 12.0 software (Systat Software) as previously described (11).
Mass spectrometry
All reagents were of mass spectrometry grade. Tail tendons were homogenized with a bullet blender (with 1.6 mm steel beads; Next Advance) at maximum speed at 4 °C for 5 min in 200 μL of SL-DOC buffer (1.1% SL (sodium laurate), 0.3% DOC (sodium deoxycholate), 0.5 mM dithiothreitol (DTT) in 25 mM AB (ammonium bicarbonate)), supplemented with protease and phosphatase inhibitor cocktails (Roche).
Samples were incubated at 4 °C for 5 min, alkylated with 12 μL of 30 mM of IAM (iodoacetamide) for 20 min at RT, followed by quenching with 12 μL of 30 mM DTT. Samples were centrifuged at maximum speed for 10 min. Supernatants were transferred into LoBind tubes (Eppendorf) and protein concentrations measured using a Millipore Direct Detect spectrometer. A total of 2 μg protein per sample was digested using trypsin beads (SMART digestion kit, Thermo Scientific) with rapid agitation (1400 rpm) at 37 °C overnight. Peptide/bead mixtures were centrifuged at 12000 g for 5 min and supernatants transferred into new tubes. The pH was adjusted to <3 by addition of 10% formic acid (Sigma Aldrich) and 400 μL of EA (ethylacetate, Sigma Aldrich). Samples were then spun for 5 min at 16000 g, and the upper layer of solvent (EA) was discarded. EA extraction was repeated twice and samples were lyophilized in a speed-vac centrifuge (Heto). Samples were then mixed with 100 μL of 5% acetonitrile with 0.1% formic acid (Sigma Aldrich), and proceeded to R3 sample desalting clean-up. Poros R3 beads (1 mg, Applied Biosystems) were added to each well of a 96-well plate with 0.2 µM PVDF membrane (Corning), and the plate was centrifuged at 200 x g for 1 min. Centrifugation was repeated to wash the beads with 50% acetonitrile (wet solution), with the flow-through discarded each time. Beads were then washed twice with wash solution (0.1% formic acid) and flow-through discarded. Samples were added into the corresponding wells and mixed with beads on a plate mixer for 5 min at 800 rpm. Samples were washed twice with wash solution, and flow through was discarded after each centrifugation step. A fresh sample collection plate was then placed under the PVDF membrane plate, and samples were eluted and collected using 50 μL of elution buffer (40% acetonitrile, 0.1% formic acid). This elution step was repeated to give a total of 100 μL eluted samples. Eluted samples were transferred from the plate into individual chromatography sample vials, and dried in a speed-vac centrifuge for 60 min or until complete dryness was achieved. Benjamini-Hochberg false discovery rate (FDR)-adjusted p-value < 0.05 remained. FDR filtering was performed as described in (49) . Raw ion intensities from peptides belonging to proteins with fewer than 2 unique peptides (by sequence) per protein in the dataset were excluded from quantification. Remaining intensities were logged and normalized per MS run by the median logged peptide intensity. Peptides assigned to different isoforms were grouped into a single "protein group" by gene name. Only peptides observed in at least 2 samples were used in quantification. Missing values were assumed as missing due to low abundance, an assumption others have shown is justified (50) . Imputation was performed at the peptide level following normalization using a method similar to that employed by Perseus (51) whereby missing values were imputed randomly from a normal distribution centered on the apparent limit of detection for this experiment. The limit of detection in this instance was determined by taking the mean of all minimum logged peptide intensities and down-shifting it by 1.6σ, where σ is the standard deviation of minimum logged peptide intensities. The width of this normal distribution was set to 0.3σ as described in (51) . Fold-change differences in the quantity of proteins detected in different time-points were calculated by fitting a mixed-effects linear regression model for each protein with Huber weighting of residuals (52) as described in (50) using the fitglme Matlab (The MathWorks, USA) function with the formula: Bayes variance correction according to (53, 54) . Conditions were compared with Student's t-tests with Benjamini-Hochberg correction for false positives (55) .
Periodicity analysis
Periodicity analysis was performed using the MetaCycle package (56) in the R computing environment (57) using the default parameters. A Benjamini-Hochberg FDR<0.2 was used to detect rhythmic proteins.
C-proline labeling of tendons ex vivo
Tendons were dissected from mice, rinsed in PBS, and incubated at 37°C in 2.5 Ci/ml of changes of salt extraction buffer -12 hours (S1), 6 hours (S2) -these steps extracted collagen that was present in the extracellular fraction of the tissue. This was then followed by 12 hours in NP40 buffer (salt extraction buffer supplemented with 1% NP40) which allowed extraction of intracellular fractions. NP40 extracts were then analyzed on 6% Tris-Glycine gels (Invitrogen) under reducing conditions, followed by transfer onto nitrocellulose membranes. Membranes were then dried and exposed to a phosphoimaging plate (Fuji BAS-III or BAS-MS). After 14 days of exposure, the plates were processed using a phosphoimager (Fuji BAS 2000 or 1800), and images analyzed using ImageJ.
Cell culture
Tail tendon fibroblasts were released from 6-8 week mouse tail tendons by 1000 U/ml bacterial collagenase type 4 (Worthington Biochemical Corporation) in trypsin (2.5 g/l) as previously described (58) cells were plated out in a 24-well plate, and the aforementioned ribonucleoprotein complexes were introduced into the culture using Lipofectamineâ RNAiMAX reagent (Thermofisher), according to manufacturer's instructions. Clones were then generated using serial dilution in a 96-well plate. Gene knockout and knockdown was confirmed by western blotting and qPCR.
Immunofluorescence Cells were fixed with 100% methanol at -20 o C and permeabilized with 0.5% Triton-X/PBS. Collagen-I was detected using a rabbit pAb (1:500; OARA02579, Gentaur), Hsp47 was detected using mouse mAb (1:100; sc-398579, Santa Cruz), ER was detected using rabbit pAb to Calnexin (1:200; ab75801, Abcam) or mouse mAb protein disulfide isomerase (Pdi) (1:100; ab190883, Abcam), cis-Golgi was detected using rabbit mAb to Gm130 (1:250; ab67391, Abcam) or mouse pAb to Gm130 (1:500; 610822, BD Biosciences), Sec61a was detected using a rabbit pAb (1:50; sc-12322, Santa Cruz) and fibronectin was detected using a mouse mAb channels, the images were collected sequentially. When acquiring 3D optical stacks the confocal software was used to determine the optimal number of Z sections. Only the maximum intensity projections of these 3D stacks are shown in the results.
Polymerase chain reaction
For qPCR analysis, the 2 -ΔΔCt method (60) 
Western blotting
Protein was extracted and analyzed by western blotting as previously described (7) . Primary antibodies used were rabbit pAb to Tango1 (1:500; H-156, Santa Cruz), mouse mAb to Gapdh (1:10000; clone Gapdh-71.1, Sigma), rabbit pAb to Pde4d4 (1:500; antibody shows cross reaction to Pde4d1 and Pde4d3), goat pAb to collagen α1 type I (1:1000; sc-8784, Santa Cruz), rabbit pAb to Sec61A (1:500; sc-12322, Santa Supplementary Figure 4 Immunofluorescence analysis of synchronized iTTFs showed collagen-I secretion (white arrows) was inhibited in CRISPR-mediated Vps33b KO clones (C9 and D5), where collagen-I was retained in the ER (PDI marker). Increased retention of collagen-I occurs in the Golgi (Gm130 marker) when Vps33b was knocked out (see insets). White arrows indicate extracellular collagen fibres, which were depleted in Vsp33b KO cells. Red, col-I. Green, PDI.
Supplementary Data
MetaCycle output (columns A-X) for timed series LC-MS/MS analysis of proteins extracted from 6 week-old mouse male tail tendon (columns Y-AJ).
Supplementary Movie 1
Real-time bioluminescence microscopy of dissected Achilles tendon from wild type Per2::Luciferase mice. Vps33b KO clone D5
